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ABSTRACT
DNA methylation and the repair of DNA double-
strand breaks (DSBs) are important processes for
maintaining genomic integrity. Although DSBs can
be produced by numerous agents, they also occur
spontaneously as endogenous DSBs (EDSBs). In
this study, we evaluated the methylation status of
EDSBs to determine if there is a connection between
DNA methylation and EDSBs. We utilized inter-
spersed repetitive sequence polymerase chain reac-
tion (PCR), ligation-mediated PCR and combined
bisulfite restriction analysis to examine the extent of
EDSBs and methylation at long interspersed nuclear
element-1 (LINE-1) sequences nearby EDSBs. We
tested normal white blood cells and several cell lines
derived from epithelial cancers and leukemias. Sig-
nificant levels of EDSBs were detectable in all cell
types. EDSBs were also found in both replicating and
non-replicating cells. We found that EDSBs contain
higherlevelsofmethylationthanthecellulargenome.
This hypermethylation is replication independent
and the methylation was present in the genome at
the location prior to the DNA DSB. The differences
in methylation levels between EDSBs and the rest
of the genome suggests that EDSBs are differen-
tially processed, by production, end-modification, or
repair, depending on the DNA methylation status.
INTRODUCTION
Vilenchik and Knudson (1) estimated the existence of
endogenous double-strand breaks (EDSBs) and suggested
that EDSBs could account for a substantial fraction of
oncogenic events in human carcinomas. If EDSBs do not
arise uniformly or are not processed at equal rates across
the genome, mutation hot spots should be present (1). Our
study helps to elucidate if DNA methylation inﬂuences
EDSBs processing.
Several pieces of evidence suggest that DNA methyla-
tion may play an important role in maintaining genomic
integrity. Genome-wide decreases in DNA methylation
levels commonly occur in cancer (2–5), which leads to
higher rates of mutations and genomic instability (6–8). In
addition to alterations in the number of chromosomes,
hypomethylation can result in chromosomal rearrang-
ements and deletion of DNA, suggesting that DSBs are the
intermediate products (6–8). Moreover, because the muta-
tions occur spontaneously, the DSBs should occur endog-
enously. Studies in ICF syndrome (immunodeﬁciency,
chromosomal instability and facial anomalies) (9), which is
characterized by loss-of-function mutations in the cytosine
DNA methyltransferase DNMT3B, and Wilm’s tumor (10)
demonstrated a direct association between loss of DNA
methylation and rearrangements in the pericentromeric
heterochromatin. Therefore, hypomethylation could lead
to spontaneous mutations in cis, which are the epigenetic
and genetic events occurring on the same chromosome.
Consequently, evaluating methylation status of EDSBs
may provide clues to better understanding how DNA
methylation helps maintaining genomic integrity.
To determine whether DNA methylation aﬀects
EDSBs, we ﬁrst developed a set of novel techniques to
analyze the extent of methylation in genomic EDSBs.
These techniques were devised from interspersed repetitive
sequence (IRS) polymerase chain reaction (PCR) (11),
ligation-mediated (LM) PCR-based assays (12–14) and
combined bisulﬁte restriction analysis (COBRA) for
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is a commonly used PCR technique designed to analyze
locus-speciﬁc EDSBs during lymphoid development,
such as V(D)J recombination (14,16,17) and hypermuta-
tion (18). LMPCR has also been used to detect DNA-
associated proteins or chromatin accessibility to such
proteins (19,20), and this technique has shown previous
utility in genome mapping research (21,22). With these
new assays, we evaluated the relationship between DNA
methylation and EDSBs.
MATERIALS AND METHODS
Cells,cell linesand culture
Cell lines used were HeLa (cervical cancer), SW480
(colorectal adenocarcinoma), K562 (erythroleukemia),
Daudi (B lymphoblast), Jurkat (T-cell leukemia) and
Molt4 (T lymphoblast) (ATCC, Manassas, VA, USA).
HeLa cells were synchronized at G0 phase by culture in
serum deprivation medium, Dulbecco’s modiﬁed Eagle’s
medium plus 0.2% fetal bovine serum, for 48h. HeLa cells
in G1/S and S phase cells were synchronized by the
thymidine block method, and were cultured with 2mM
thymidine (Sigma-Aldrich, St Louis, MO, USA) to obtain
cells at G1/S phase (23). Flow cytometry was used to
determine stages of the cell cycle as well as fragmented and
apoptotic cells. One millimolar of H2O2 was added for
24h to induce apoptosis. For radiation treatment, the
medium of G0 phase HeLa cells was replaced with 15ml
of ice-cold medium, and cells were exposed to g- with a
60Co source (Eldorado78).
High-molecular weight DNA preparation
To prepare high-molecular weight (HMW) DNA, 5 10
5
cells were embedded in 1% low-melting point agarose,
lysed and digested in 400ml of 1mg/ml proteinase K,
50mM Tris, pH 8.0, 20mM EDTA, 1% sodium lauryl
sarcosine. The plugs were rinsed four times in Tris-EDTA
(TE) buﬀer for 20min. To polish overhang or cohesive-
end EDSBs, T4 DNA polymerase (New England Biolabs,
Beverly, MA, USA) and dNTPs were added and later
inactivated by adding EDTA to a concentration of 20mM
for 5min followed by rinsing four times in TE buﬀer for
20min. To analyze blunt-end EDSBs, LMPCR was
performed without T4 DNA polymerase. The modiﬁed
LMPCR linkers (24) were prepared from the oligonucleo-
tides
50-AGGTAACGAGTCAGACCACCGATCGCTCGGA
AGCTTACCTCGTGGACGT-30 and 50-ACGTCCAC
GAG-30. The linkers (50pmol) were ligated to HMW
DNA using T4 DNA ligase (New England Biolabs) at
258C overnight. DNA was extracted from agarose plugs
using a QIAquick gel extraction kit (Qiagen, Basel,
Switzerland). For liquid DNA preparation, cells or
HMW DNA were incubated in 1% sodium dodecyl
sulfate/proteinase K (0.5mg/ml), at 488C overnight and
subjected to phenol–chloroform extraction and ethanol
precipitation. The precipitated DNA was resuspended in
20ml of TE buﬀer.
IRS–EDSB–LMPCR
The quantity of IRS–EDSB was measured by real-time
PCR using a Lightcycler
TM instrument (Roche Applied
Science, Indianapolis, IN, USA) with the IRS primers,
including long interspersed nuclear elements-1 (LINE-1s
or L1s) primers 50-CTCCCAGCGTGAGCGAC-30
(outward), 50-AAGCCGGTCTGAAAAGCGCAA-30
(inward), Alu, Alu-CL2 50-ACTGCACTCCAGCCTGG
GC-30 or Tigger1 50-CTCGCTGAAGGCTCAGATGAT
C-30), the linker primer 50-AGGTAACGAGTCAGA
CCACCGA-30 (24), and the Taqman probe homologous
to the 30 linker sequence (6-fam) ACGTCCACGAGGT
AAGCT TCCGAGCGA (tamra) (phosphate). Ampliﬁca-
tion was performed with 0.5mM of each primer, 0.4mM
Taqman probe, 2U of HotStarTaq (Qiagen, Valencia,
CA, USA), 1  PCR buﬀer and 10ng of ligated DNA for
up to 40 cycles, with quantiﬁcation after the extension
steps. Two types of control DNA were used. The ﬁrst was
a 100-bp oligonucleotide sequence with the 50 linker
sequence and 30 homology to L1 oligonucleotide
sequences. The second was DNA digested with EcoRV
and AluI and ligated to the LMPCR linkers. The amounts
of EDSBs were compared with the ligated control digested
DNA and reported as L1-EDSB–LMPCR templates per
nanogram of DNA.
COBRA–IRS and COBRA–IRS–EDSB
Ligated HMW DNA was modiﬁed with bisulﬁte using
a standard protocol (25). Bisulﬁte-modiﬁed DNA was
recovered using a Wizard DNA clean-up kit (Promega,
Madison, WI, USA) and desulfonated before PCR ampli-
ﬁcation. For PCR COBRA (15) of L1s (COBRA-L1)
(4,5), bisulﬁte-treated DNA was subjected to 35 cycles of
PCR with two primers, B-L1-inward 50-CGTAAGG
GGTTAGGGAGTTTTT-30 and B-L1-outward 50-RTAA
AACCCTCCRAACCAAATATAAA-30 (4). Applying a
hot-stop technique to prevent heteroduplex amplicons,
a
32P-labeled-bisulﬁte-L1-outward oligo was added in the
last PCR cycle. The amplicons were doubly digested in
a1 0ml reaction volume with 2U of TaqI and 8U of TasI
in 1  TaqI buﬀer (MBI Fermentas, Vilnius, Lithuania)
at 658C for 4h. The PCR is designed to detect unmethyl-
ated and methylated L1 sequences of 98 and 80bp,
respectively. The intensity of DNA fragments was mea-
sured with a PhosphorImager using Image Quant software
(Molecular Dynamics, GE Healthcare, Slough, UK).
The LINE-1 methylation level was calculated as the
percentage of TaqI intensity divided by the sum of TaqI-
and TasI-positive amplicons. For COBRA-L1-EDSB,
the B-L1-inward oligo was replaced with B-LMPCR
oligo, 50-GTTTGGAAGTTTATTTTGTGGAT-30, and
40 PCR cycles were carried out according to the same
protocol. Bisulﬁte-treated Daudi, Jurkat and HeLa
DNAs digested with EcoRV and AluI and ligated
LMPCR linker were used as positive controls to normalize
the inter-assay variation of all COBRA experiments.
HeLa DNA without ligation was used as a negative
control.
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Southern blot was performed to compare between 5mgo f
HpaII- and MspI-digested HeLa DNA. L1-LMPCR
amplicons from HMW and AluI–EcoRV-digested HeLa
DNA were used as probes. L1-most-outward primer
sequence was 50-TATTCGGCCATCTTGGCTCCT-30.
Competitor DNA, COT-1 DNA, was used to prevent
non-speciﬁc DNA hybridization, including sequence from
L1s. Intensities in the >4kb regions were measured with a
PhosphorImager using Image Quant software (Molecular
Dynamics). Semiquantitative methylation percentage was
reported as the proportion of probes bound to HpaII-
digested DNA to HpaII plus MspI-digested DNA.
Statistical analyses
Statistical signiﬁcance was determined according to
an independent sample t-test, a paired sample t-test or
ANOVA using the SPSS program version 11.5 as speciﬁed.
RESULTS
Detectionof genomic EDSB andmethylation
First, we developed a new assay for the detection of
EDSBs. This assay is based on a LMPCR, originally
designed for the analysis of locus and cell-speciﬁc EDSBs
(14,16–18). General EDSBs are believed to occur rarely
and arbitrarily throughout the genome (1). Using repeti-
tive sequences that randomly scatter throughout the
human genome, we can detect genome-wide EDSBs in
proximity to these repetitive sequences. We, therefore,
combined LMPCR with IRSPCR or inter-Alu PCR (11)
using the widely distributed L1s human retrotransposons
(26) into a new assay called ‘L1-EDSB-LMPCR’. In this
assay, linker oligonucleotides are ligated to EDSBs in
HMW DNA preparation and quantitatively analyzed by
real-time PCR using an L1 primer and a Taqman probe
complementary to the linker (Figure 1A). L1-PCR using
a primer in the outward direction will amplify DNA
sequences located outside the repetitive sequences.
Figure 1. L1-EDSB–LMPCR and COBRA-L1–EDSB. (A) Schematic representation of L1-EDSB–LMPCR showing L1 sequence and the ligated
linker at a nearby EDSB. The white rectangle is a Taqman probe complementary to the LMPCR linker. Arrows are PCR primers. (B) The quantity
of EDSBs detected with this method increased directly with the amount of experimentally induced DSBs, and signiﬁcant amounts of EDSBs were
detected in all tested cells but not in cells without ligation. An example of results of real-time L1-EDSB–LMPCR with tests and controls was
demonstrated. The values 2, 10, 50, 250 and 1250 are quantities of restriction enzyme-digested (EcoRV and AluI) HeLa genomes ligated with
LMPCR linker. dH2O is water. Tested templates are HMW DNA from (1) HeLa without ligation, (2) Daudi blunt-end-EDSBs ligation, (3) Daudi
polished-end-EDSBs ligation, (4) Jurkat blunt-end-EDSBs ligation and (5) Jurkat polished-end-EDSBs ligation. (C) Schematic representation of
COBRA-L1 and COBRA-L1-EDSB, showing L1 sequence ligated by linker at an EDSB. Arrows are PCR primers, with asterisk indicating a-
32P-
labeled primer for COBRA. AACCG and CCGA are L1 sequences; when treated with bisulﬁte and after undergoing PCR, unmethylated AACCG
will be converted to AATTG (TasI site) and methylated CCGA to TCGA (TaqI site). (D) A typical example of results from COBRA-L1 and
COBRA-L1-EDSB experiments indicating that the intensity between methylated, TaqI and unmethylated, TasI, bands of EDSBs were higher than
the matched pair genomes. The arrow at 98bp indicates TasI-digested unmethylated L1 sequences and the arrow at 80bp indicates TaqI-digested
methylated L1 sequences.  ve is dH2O for COBRA-L1 and non-ligated HMW DNA for COBRA-L1-EDSB. TasI and TaqI are restriction enzymes
added in each experiment.
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represent human genome-wide sequences, including both
unique and repetitive sequences (11,21). Increases in the
L1-EDSB–LMPCR products corresponded with the
amount of control DSBs generated by restriction enzyme
digesting DNA. Without ligation, no L1-EDSB–LMPCR
could be detected. Finally, signiﬁcant amounts of EDSBs
were detected in all tested cells (Figure 1B).
Next, we developed an assay to analyze the methylation
level of EDSBs. Previously, we had extensively studied
methylation status of L1s in several cancers and normal
tissues by COBRA-L1. Treatment with bisulﬁte converts
unmethylated cytosines, but not methylated cytosines,
to uracils and then thymines after PCR. Therefore,
this bisulﬁte treatment generates detectable methylation-
dependent changes in the restriction pattern of PCR-
ampliﬁed L1 sequences. Methylation level is then
calculated and presented as a percentage of total DNA.
We thus combined L1-EDSB–LMPCR with COBRA-L1
by treating linker-ligated DNA with bisulﬁte before
PCR with L1/linker primers and restriction analysis
(Figure 1C). With this new ‘COBRA-L1-EDSB’ assay,
we can measure the methylation level of L1s near EDSBs,
which reﬂects the methylation level of EDSBs in a
genome-wide fashion. The degree of methylation between
genomic L1 and L1-EDSB sequences was examined
by COBRA-L1 and COBRA-L1–EDSB, respectively
(Figure 1D).
With these new assays, we ﬁrst evaluated what types of
cells possess EDSBs and if the quantity of EDSBs reﬂects
carcinogenic potentials. Using L1-EDSB–LMPCR, sig-
niﬁcant amounts of EDSBs were detected in all samples
from several cancer cell lines, including Daudi, Jurkat,
Molt4, K562, SW480 and HeLa cells, as well as in normal
cells, including sperm and white blood cells (WBCs) from
several individuals (Figure 2A). These data suggest that
EDSBs can commonly be found in all cells both normal
and cancer.
This assay prepared HMW DNA by in-gel preparation.
This technique has been reported to decrease the number
of DSBs generated during DNA preparation (27) and did
not generate false positives in the LMPCR assay for the
analysis of locus-speciﬁc EDSBs (14,18,27). To evaluate
if in-gel HMW DNA preparation breaks genomic DNA,
we compared the yield of the LMPCR from several
sources of DNA, including, in-gel HMW DNA, liquid
DNA, liquid DNA extracted from in-gel HMW DNA
(gel–liquid) and in-gel DNA prepared from liquid DNA
(liquid–gel). The quantities of L1-EDSB–LMPCR from
liquid DNA were higher than in-gel HMW DNA
(Figure 2B). Extracting liquid DNA from a gel increased
the amount of LMPCR template over HMW DNA
(Figure 2B). This result indicates that more DNA breaks
were generated during the liquid DNA preparation
process. Embedded liquid DNA into gel following by
HMW DNA preparation protocol did not increase the
amount of LMPCR template over liquid DNA alone
(Figure 2B). Therefore, in-gel preparation did not generate
signiﬁcant additional DNA breaks. Moreover, the quan-
tities of L1-EDSB–LMPCR from gel–liquid and liquid–
gel were clearly lower than when L1-EDSB–LMPCR
products from HMW DNA and liquid DNA were
combined (Combined) (Figure 2B). Therefore, the sig-
niﬁcant amounts of LMPCR products from HMW DNA
were not derived from DNA preparation. This experiment
supported the presence of EDSBs.
General characteristics of EDSB–LMPCR
Repetitive sequences have been commonly recognized as
locations of general recombination that destabilize human
cancer genomes (28,29). It is interesting to investigate if
the quantities of EDSBs diﬀer between repetitive and
unique sequences. Full length L1 is  6kb (26). L1-EDSB–
LMPCR using the L1-inward primer will amplify L1
sequences, while the L1-outward primer should amplify
unique sequences near L1 (11). We observed L1-EDSBs at
similar levels regardless of the directions of L1 primers
used (Figure 3A). The data indicate that the amount of
EDSBs does not diﬀer based on the nature of DNA
sequences, between L1 repetitive and unique sequences.
We found that IRS–LMPCR using primers for other types
of repetitive sequences, including Alu and Tigger1, also
yielded signiﬁcant EDSBs in direct proportions to their
copy numbers in the human genomes (30) (Figure 3B).
Figure 2. Discovery and speciﬁcity of EDSB-LMPCR. (A) Using
L1-EDSB-LMPCR, signiﬁcant amounts of EDSBs were detected in all
samples, including, cancer cell lines, sperm cells and WBCs from several
individuals. (B) L1-EDSB-LMPCR of DNA from HeLa cells using
diﬀerent DNA-extraction methods. Gel, liquid, gel–liquid, liquid–gel
and combined are L1-EDSB–LMPCR from DNA prepared in gel,
liquid, extracted liquid DNA from gel-embedded HMW DNA,
embedded liquid DNA into gel following by HMW DNA preparation
protocol and 2 admixture between 1:1 of HMW DNA and liquid
DNA, respectively. Data represent means SEM.
3670 Nucleic Acids Research, 2008, Vol. 36, No. 11L1s are AT rich, whereas Alu sequences are frequently
located in CG-rich regions (31). Therefore, EDSBs are
widely distributed in the human genome. In addition,
because EDSBs are thought to occur rarely and randomly
throughout the genome, LMPCR with primers speciﬁc
to unique sequences yielded no positive locus-speciﬁc
amplicons (data not shown). EDSB ends are heteroge-
neous, as signiﬁcant quantities of L1-EDSB–LMPCR
products were obtained, including two EDSB types: blunt-
and polished-, blunt plus cohesive, end EDSBs
(Figure 3C). Blunt-end DSBs are DNA that both strands
terminate in a base pair. A cohesive or overhang is a
stretch of unpaired nucleotides in the DNA end (14,16,17).
The quantity of EDSBs was not related to the propor-
tion of fragmented cells (Figure 3D). Our EDSB–LMPCR
protocol, particularly that for epithelial cells, minimizes
contamination with apoptotic cells because these dying
cells with fragmented DNA (32) usually lose attachment
(33) and are thus washed oﬀ before cell collection for
EDSB analysis. While there was positive L1–EDSB–
LMPCR ampliﬁcation, we were unable to detect any
fragmented DNA or apoptotic cells, as determined by
LMPCR ladder (34) and ﬂow cytometry (35), respectively
(data not shown). Moreover, the apoptotic genome
possesses normal levels of methylation and may not be
detectable by COBRA-L1–EDSB. Fragmented DNA, as
documented by electrophoresis, was collected from ﬂoat-
ing apoptotic HeLa cells after treatment with 1mM H2O2
for 24h (36). COBRA-L1 shows that apoptotic HMW
DNA has similar L1 methylation to living cells, but
COBRA-L1–EDSB yielded amplicons with multiple sizes
that interfere with interpretation (data not shown).
L1-EDSB–LMPCR underdifferent conditions
We utilized L1-EDSB–LMPCR on cells under diﬀer-
ent conditions known to associate with DSBs. Speciﬁcally;
we used radiation and cell cycle synchronization. Radia-
tion, which directly causes DNA damage, increased L1-
EDSB–LMPCR levels directly correlating with the
dosages of radiation used to treat the cells (Figure 4A).
Nevertheless, there were wide ranges of the amount of
Figure 3. General characteristics and distribution of EDSB–LMPCR in the human genome. (A) L1-EDSB–LMPCR, using L1-inward and
L1-outward primers, was performed in several cell types, and products were observed at similar levels regardless of the nature of linked EDSB
sequences, L1, or unique sequences. Inward L1-EDSB–LMPCR was normalized by the proportion of L1 sequence copies in the human genome
(www.ncbi.nlm.nih.gov). (B) Comparison of the amount of EDSB–LMPCRs using L1, Alu and Tigger1 primers indicated EDSBs in direct
proportions to their copy numbers in the human genomes. (C) EDSBs were measured from HMW DNA with and without T4 polymerase treatment,
respectively. Signiﬁcant amount of L1-EDSB–LMPCRs of blunt and polished-end EDSBs from cancer cell lines were identiﬁed. Therefore, L1-EDSB
ends are heterogeneous. (D) The quantity of EDSBs was not related to the proportion of fragmented cells. L1-EDSB–LMPCR quantity related to the
percent of fragmented cells, documented by ﬂow cytometry. Daudi DNase represents Daudi cells treated with DNase I before HMW DNA
preparation.
Nucleic Acids Research, 2008, Vol. 36, No. 11 3671EDSBs (Figure 4A). This result may be the consequence
of several factors, including DSB end modiﬁcations and
DSB repair rate. Therefore, even though L1-EDSB–
LMPCR can detect radiation-induced DSBs, the tech-
nique lacks eﬃciency in evaluating the precise number of
DSBs generated by radiation.
Because EDSBs were hypothesized to be preferentially
produced in S phase from the conversion of single-strand
lesions (1), we used HeLa cells to assess the frequency of
EDSBs and their methylation status during various cell
cycle stages: G0, G1/S and S. We found the impact of cell
cycle eﬀect is on the borderline of signiﬁcance and EDSBs
can be found in G0 phase (Figure 4B). Interestingly, there
was a minor decrease in S phase cells (Figure 4B).
Therefore, cell cycle stage is one of the conditions that
may alter the amount of EDSBs. Nevertheless, similar to
radiation the amount of EDSBs during cell phases may
be inﬂuenced by several factors in addition to the produc-
tion rate.
Specificity of COBRA-L1–EDSB
Figure 5A demonstrates a reconstitution experiment of
EDSB–LMPCR. Because Daudi cells shows signiﬁcantly
higher level of genomic methylation than HeLa cells, we
used DNA prepared from Daudi and HeLa cells as rep-
resentative DNA with high and low methylation, respec-
tively. We added varying ratios of HeLa and Daudi DNA
digested with EcoRV and AluI (ligated to LMPCR linker)
into HeLa genomic DNA. As expected, a COBRA-L1–
EDSB analysis of the digested DNA, regardless of the
presence of the HeLa genome, yielded equivalent levels of
methylation to COBRA-L1. Furthermore, the methyla-
tion levels in these samples measured by both COBRA-L1
and COBRA-L1–EDSB are increased, which correlates
with the proportion of highly methylated Daudi DNA
contained in that sample (Figure 5A). The higher levels of
methylation, compared to the rest of the genome, are a
characteristic of EDSBs but not DSBs randomly gener-
ated by DNA shearing during sample preparation. Lower
DSB methylation levels of liquid DNA, gel–liquid DNA
and liquid–gel DNA were demonstrated when compared
to HMW DNA (Figure 5B). In contrast to gDNA
prepared from cells cast into low melting point agarose
plugs, the preparation protocol for liquid DNA generates
DSBs (Figure 2B). Therefore, COBRA-L1–EDSB levels
of liquid DNA should be derived from combination
between EDSBs and DNA preparation producing DSBs.
The lower DSB methylation levels of liquid DNA con-
ﬁrmed that the DNA preparation producing DSBs possess
lower methylation levels than EDSBs. Moreover, DSB
methylation levels of gel–liquid DNA and liquid–gel DNA
are not diﬀerent from levels of liquid DNA alone
(Figure 5B). Therefore, higher methylation levels of
COBRA-L1–EDSB, detected from HMW DNA, were
unlikely to be derived from HMW DNA preparation.
EDSBs are ubiquitously hypermethylated
To compare the degree of methylation between L1 and
L1-EDSB sequences, we examined by COBRA-L1 and
Figure 4. L1-EDSB–LMPCR under diﬀerent conditions. L1-EDSB–
LMPCR of (A) irradiated HeLa. (B) HeLa cells at G0, G1/S and 0, 3
and 5h after the release into S phase from thymidine block. Control is
without cell synchronization. G0 bore the least amount of EDSBs when
compared with control,
 P<0.05 (independent one-tailed t-test). Data
represent means SEM.
Figure 5. Speciﬁcity of COBRA-L1–EDSB. (A) A reconstitution experi-
ment of COBRA-L1–EDSB. COBRA-L1 and COBRA-L1–EDSB of the
mixture between HeLa and Daudi DNA digested with AluI and EcoRV
and ligated to EDSB–LMPCR linker. The 4:0, 3:1, 2:2, 1:3 and 0:4 are
proportions of recombinant HeLa:Daudi DNA. COBRA-L1–EDSB 1/10
was the mixture between 2ng of linker-ligated DNA and 18ng of HeLa
genomic DNA. Because Daudi cells shows signiﬁcantly higher levels of
genomic methylation compared to HeLa cells, we used DNA prepared
from Daudi and HeLa cells as representative DNA with high methylation
and low methylation, respectively. We added varying ratio of HeLa and
Daudi DNA digested with EcoRV and AluI ligated to the LMPCR linker
into HeLa genomic DNA. As expected, the methylation levels of the
digested DNA, regardless of the presence of the HeLa genome, were
measured by COBRA-L1-EDSB and COBRA-L1, and increases in ﬁnal
product correlated with the proportion ofhighly methylated DaudiDNA.
(B) COBRA-L1 and COBRA-L1–EDSB methylation levels in a
comparison of DNA preparation methods. Gel, gel–liquid, liquid and
liquid–gel refer to DNA analyzed via L1-EDSB-LMPCR from DNA
prepared in-gel, extracted liquid DNA from gel embedded HMW DNA,
liquid and embedded liquid DNA into gel following by HMW DNA
preparation protocol, respectively. COBRA-L1–EDSB methylation levels
of HMW DNA were higher than liquid DNA. COBRA-L1–EDSB
methylation levels of in-gel DNA prepared from liquid DNA, and liquid
DNA prepared from HMW DNA, were lower than HMW but not
diﬀerent from liquid. Therefore, HMW DNA preparation does not cause
hypermethylated DSBs. Data represent means SEM.
3672 Nucleic Acids Research, 2008, Vol. 36, No. 11COBRA-L1–EDSB, respectively. We found that, EDSBs
are hypermethylated. Speciﬁcally, these data show that the
EDSBs from all tested cells possess higher methylation
levels than the rest of the genome. In our analysis, we
included several cancer cell lines, along with normal sperm
and WBCs (Figure 6A). In contrast, restriction enzyme-
digested DSBs show the same level of methylation
compared to genomic DNA (Figure 6A). The COBRA-
L1-EDSB levels reﬂect the rate of EDSB synthesis, EDSB
end modiﬁcation and repair at a given time. Therefore, the
EDSB hypermethylation means that methylated and
unmethylated DNA may possess distinctive EDSB pro-
cessing (i.e. repair) pathways.
The methylation of EDSBs mayhave pre-existed
at thebreak sites
As shown in Figure 6A, the levels of methylation at
EDSBs and the rest of the genomes are positively cor-
related in all cell lines (P=0.01; Pearson r=0.873). We
further proved the source of DNA methylation around
EDSBs by Southern blot hybridization of HeLa genomic
DNA digested with HpaII or MspI. The activity of HpaII
is blocked by CpG methylation, while that of the iso-
schizomer MspI is insensitive to methylation. Therefore,
hypermethylated DNA is not digested with HpaII and
electrophoretically co-migrates with long DNA fragments.
We arbitrarily used the length of >4kb to represent long
DNA fragments concentrated in hypermethylated DNA
for subsequent calculations. We determined the percen-
tage of hybridization intensities in the >4kb regions of
HpaII-digested DNA divided by the sum of those digested
with HpaII and MspI. The L1-EDSB-LMPCR products
hybridized to >4kb HpaII-digested DNA fragments in
higher proportions than the control, restriction enzyme-
generated DSB-LMPCR products (Figure 6B). Therefore,
EDSBs are hypermethylated, and the methylation was
present in the genome at this location before the break
itself.
EDSB hypermethylation is replication independent
Because EDSBs can be detected at diﬀerent levels in all
phases of the cell cycle (Figure 4B), we evaluated the level
of EDSB methylation during cell cycle progression.
EDSBs were hypermethylated in most stages, with G0
being the most signiﬁcant (Figure 6C). This result implies
that the increase levels of methylation at EDSBs are DNA
replication independent.
DISCUSSION
Even though molecular characteristics of locus-speciﬁc
EDSBs during lymphoid development, such as V(D)J
recombination (14,16,17) and hypermutation (18), have
been described by LMPCR, general EDSBs have not (1).
Conventionally, radiation-induced DSBs can be visualized
as fragmented DNA that migrate out of cells or chro-
mosomes via electrophoresis, using the comet assay (37)
and/or pulsed ﬁeld gel electrophoresis (38). Nevertheless,
because detection using these techniques requires extensive
damage of DNA and because EDSBs are rare, the sensi-
tivity is likely not high enough for analyzing EDSBs.
The IRS-EDSB-LMPCR technique is able to detect
EDSBs because of the extensive distribution of the IRS
sequences and the sensitivity of real-time PCR. This study
Figure 6. Methylation status of EDSBs. (A) EDSBs possess higher methylation levels than the rest of the genome, across all tests. A comparison of
COBRA-L1 and COBRA-L1–EDSB among cell types demonstrated universally higher COBRA-L1-EDSB methylation levels than the matched pair
COBRA-L1. Digested DNA is from HeLa, Jurkat or Daudi cells, and after being treated with AluI and EcoRV, it was used for a control. Each dot
represents an individual test result of COBRA-L1 and COBRA-L1–EDSB. (B) Methylation of EDSBs pre-existed at the break sites. A representation
of results from Southern blot hybridization of HpaII and MspI digested DNA demonstrates that EDSBs are located in larger HpaII digested HeLa
DNA fragments than experimentally induced methylation-independent DSBs. L1-EDSB are L1-LMPCR probes from HMW DNA, representing
EDSBs, while L1–AluI–EcoRV contains AluI plus EcoRV-digested DNA, representing methylation-independent DSBs. The bar graphs reports the
percentage of hybridization intensities in the >4kb regions of HpaII-digested DNA divided by the summation of those of HpaII and MspI-digested
DNA. (C) COBRA-L1 and COBRA-L1–EDSB of HeLa cells at G0, G1/S, and 0, 3 and 5h after the release into S phase from a thymidine block.
The control is without cell synchronization. G0 cells contained the most signiﬁcant hypermethylation level of EDSBs when compared between
COBRA-L1 and COBRA-L1-EDSB,
 P<0.05,
  P<0.001 (pair two-tailed t-test). (B) and (C) data represent the mean SEM.
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widely distributed. Positive results were obtained from all
types of selected IRS sequences. Nevertheless, LMPCR
may not be able to detect some subset of EDSBs. LMPCR
preparation requires ligation of a blunt-end DNA linker
to a blunt and phosphorylated DSB end. In this study,
we polished cohesive-end EDSBs by T4 polymerase. We
found that both blunt and overhang ends are present and
that the majority of EDSB ends are blunt. LMPCR fails,
however, to detect some complex ends that cannot be
polished such as a hairpin loop. Unlike studying V(D)J
recombination (17,27), in this study, we did not apply
Mung Bean nuclease to screen for these end-types because
the enzyme can convert single-strand lesion into DSBs.
IRS–EDSB–LMPCR is the ﬁrst method characterizing
EDSBs. Consequently, there is no report of cells with
diﬀerent levels of EDSBs. Therefore, even though it is
commonly accepted that in-gel HMW DNA preparation
does not signiﬁcantly aﬀect DNA breaks (27), we per-
formed additional experiments to disregard the possibility
of error. The comparison among liquid DNA preparation,
HMW DNA and combined experiments suggested that
there are no detectable DSBs generated by the HMW
DNA preparation process. Finally, cells treated under dif-
ferent conditions, including, serum deprivation and
temperature (data not shown), altered EDSB levels.
Because the diﬀerentially treated cells were processed for
HMW DNA simultaneously, the possibility that the same
DNA preparation method led to bias shearing of the DNA
depending on diﬀerent prior cellular conditions is remote.
LMPCR detects DSBs directly, while g-H2AX foci
staining aims to detect a cellular response to DSBs.
Therefore, L1-EDSB–LMPCR analysis and staining for
g-H2AX foci may not yield the same information.
For example, a recent report demonstrated that some
genomic regions, particularly heterochromatin, are devoid
of radiation-induced g-H2AX foci (39). Consequently,
L1-EDSB–LMPCR and g-H2AX foci should assess
radiation-induced DSBs diﬀerently depending on chro-
matin structures. In this study, we have demonstrated
that, even though L1-EDSB-LMPCR products increased
after radiation, the correlation to radiation dosage was
not as precise as using g-H2AX foci for detection (40).
One explanation for the broad range of results when using
L1-EDSB-LMPCR to detect radiation-induced DSBs
could be that there is a wide variety of biological processes
involved in radiation-induced DSB repairs (41,42).
This study demonstrates that EDSBs are present in all
cell types. Moreover, EDSBs normally possess higher
levels of methylation compared to the cellular genome,
and this methylation pre-exists at the break sites. These
ﬁndings were not only unprecedented but also not gene-
rally expected. Vilenchik and Knudson suggested that the
causes of EDSBs are oncogenic events in human carcino-
mas (1). Moreover, genomic instability can be observed
while cancer genomes are hypomethylated (6–8). There-
fore, it is tempting to hypothesize that EDSBs should occur
more frequently at hypomethylated sequences and, con-
sequently, that COBRA-L1-EDSB should have been
hypomethylated. Nonetheless, IRS-EDSB-LMPCR and
COBRA-L1-EDSB are methods to measure the extent of
methylation at EDSBs during a given time. Therefore, the
LMPCR levels reﬂect not only the rate of EDSB synthesis
but also EDSB end modiﬁcation and repair. Therefore,
discovery of DSBs does not exclusively indicate DSB
formation, but, the EDSB hypermethylation ﬁnding leads
us to conclude that methylated and unmethylated DNA
possess distinctive EDSB processing (i.e. repair) pathways.
If these pathways have diﬀerent precision, methylated and
unmethylated DNA should have unequal rate of sponta-
neous mutations. In the future, it would be interesting
to explore if and how cells process or repair EDSBs
depending on DNA methylation. This ﬁnding may yield an
important clue to prevent global hypomethylation-induced
chromosomal rearrangements.
There may be several other mechanisms by which DNA
methylation prevents IRS from inducing DNA rear-
rangements. Repetitive sequences have been commonly
recognized as locations of general recombination that
destabilizes human cancer genomes, particularly when
genetic recombination occurred between diﬀerent loci
(28,29,43). A deletion at Xist alters chromatin conforma-
tion, usually associated with DNA methylation, of the
inactive X chromosome and this change destabilizes both
X chromosomes (44). In the future, it would be intriguing
to explore if EDSBs play a role in these mechanisms and
whether or not DNA methylation is important in pre-
venting these chromosomal rearrangements.
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